Gene therapy has captured the attention of scientists around the world to overcome genetic diseases such as cancers, diabetes, multiple sclerosis etc. for many years. However, nucleic acid-based drugs, including plasmids containing transgenes, SiRNAs, antisense oligonucleotides, aptamers and Ribozymes have failed to be as effective as we hoped in clinical trials[@b1][@b2][@b3]. Indeed, some extracellular and intracellular barriers impede the bioavailability of these drugs at their site of action[@b4]. Therefore, a delivery system capable of skipping these barriers, is of great interest and in great demand.

In the last few decades, some viral and none-viral carriers have been developed to improve gene delivery methods. Viral delivery, although highly efficient, raises considerable immunological and safety concerns[@b5]. Therefore, non-viral carriers including polymeric, metal and bio-based materials are being used for specific delivery of DNA-based drugs and other biomolecules to their targets with much less safety concern[@b6][@b7][@b8][@b9]. In fact, various targeting moieties on these carriers could increase the local concentration and bioavailability of cargo on the cell surface of the target tissue[@b10][@b11][@b12][@b13][@b14][@b15][@b16]. Nevertheless, intracellular pathway from cell membrane to nucleus, can act as a rate limiting step in the overall gene delivery process; particularly, extreme electrostatic repulsion between nucleic acids and cell membrane, endosome entrapment, the molecularly crowded cytoplasm and highly organized nucleus membrane that severely decrease the efficacy of most synthetic carriers[@b4][@b17].

Among these barriers mentioned above, endosome entrapment is the main intracellular obstacle for gene delivery[@b18]. Endosomal vesicles are produced and gradually matured to a lysosome as a result of endocytosis. The drop in pH and the activation of nucleases that occur during endosome maturation, leads to the degradation of entrapped nucleic acids[@b19]. Therefore, the release of nucleic acid cargos prior to endosomal maturation is a critical step in gene delivery, otherwise it will be destined to degradation.

Understanding the nature of endosome maturation process and the viral infection mechanism led to the rationale design of fusogenic peptides[@b20]. These peptides easily translocate across endosome membrane, similar to their viral source, the Influenza virus (e.g GALA, KALA, RALA, E5, K5, H5WYG, JST1, INF7and CADY) and the Human Immunodeficiency Virus (Gp41, TAT, FP23, HGP and PEP1)[@b21][@b22][@b23][@b24][@b25][@b26]. Among these endosome release peptides, influenza-derived H5WYG (GLFHAIAHFIHGGWHGLIHGWYG) as a pH sensitive and HIV--derived GP41 (GALFLGFLGAAGSTMGA) as a pH insensitive fusogenic peptide have been extensively studied and used to improve the gene delivery efficacy of different polymeric and lipid based carriers[@b27][@b28][@b29][@b30][@b31][@b32][@b33][@b34][@b35]. However, these carriers have been used under different conditions in terms of cell lines, peptide concentration, stoichiometric of component and the types of cargo[@b36]. Therefore, it would be hard to compare the endosome release activity of these fusogenic peptides and rationally select one over the other.

Genetic engineering on the other hand, enables researchers to create flexible nanocarriers with desired bio-inspired functional motifs. In fact, biomimetic nanocarriers can be genetically-programmed to execute multiple functions, including, condensing nucleic acid strands into nanoparticle, escaping from endosome and localization in the cell nucleus[@b37][@b38][@b39]. We have previously used this technology to develop a safe carrier for nucleic acid delivery into mammalian cells[@b28]. On the other hand, Firefly (beetle) bioluminescence, due to large quantum yield of light production, has illuminated complex intracellular phenomena and have been utilized in numerous biological investigations[@b40][@b41]. Therefore integration of bioluminescence phenomena and biomimetic nanocarriers, due to their flexible nature, provide valuable tools for pre-evaluation endosome escaping peptides and other functional motifs for intracellular transportation.

In this study, we have engineered and examined, peptide based nano-biomimetic carriers to evaluate their gene delivery capabilities and to elucidate endosomal release mechanism of H5WYG and Gp41 peptides under the same conditions. For this purpose, we assembled two repeats of histone H1 16 mer peptide as a DNA binding motif (H)[@b42] and simian virus 40(SV40) NLS as a nuclear delivery motif (N) that were flanked with either H5WYG (H) or Gp41(G) using one-step genetic engineering technology. These genetically assembled carriers are abbreviated as HNH and GNH ([Fig. 1a](#f1){ref-type="fig"}). We have used the luciferase assay to analyze the activity of endosome release motifs of HNH and GNH carriers. The results were validated by a series of *in vitro* analysis of HNH and GNH, including, electrophoresis mobility, nuclease protection, particle size and charge analysis, uptake rate, and hemolysis. Finally, the structural analysis was performed using fluorescence spectroscopy and Circular dichroism to determine the endosomal release mechanism of these carriers.

Results
=======

Design of all-in-one nanocarriers
---------------------------------

We had previously shown that H5WYG exhibited endosome escape activity when positioned at N-terminal of peptide[@b28]. Therefore, in this study we put all essential gene delivery motifs at the C-terminal of Gp41 and H5WYG in GNH and HNH all-in-one nanocarriers respectively ([Fig. 1a](#f1){ref-type="fig"}) and the physiochemical properties of nanocarriers were theoretically calculated. The GNH nanocarrier showed a slightly higher hydrophobicity compared to HNH. However, both nanocarriers had the same electrical charge with almost identical PI (isoelectric pH), suitable for proper compression of plasmids ([Table 1](#t1){ref-type="table"}).

Expression and characterization of nanocarriers
-----------------------------------------------

The coding sequences of GNH and HNH nanocarriers were cloned in pET28a expression system, which provides hexahistidine-tag sequence at both N-terminal and C-terminal of peptide-based nanocarriers ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}). Double digestion with restriction enzymes and sequencing confirmed the fidelity of each cloned sequence with the original designs. These nanocarriers were expressed in *E. coli* as inclusion bodies. Indeed, the cationic nature of these carriers are usually causing bacterial toxicity. Therefore, the carriers' expression at 37 °C caused inclusion body formation. The inclusion bodies of carriers were successfully solubilized and purified by Ni-NTA chromatography. The SDS--PAGE and Bradford analysis showed high purity of carrier (\>99%) and obtaining of a production yield of 6 and 8 mg/liter for HNH and GNH, respectively ([Fig. 1b](#f1){ref-type="fig"}).

The cytotoxicity profile of nanocarriers
----------------------------------------

Safety is an important factor to be considered when a gene delivery nanocarriers is designed. Furthermore, nanocarrier associated cytotoxicity can reduce the total gene delivery efficiency as well. To check the cytotoxicity profile of these nanocarriers, we examined the viability of the HEK 293 T cells, treated with either nanoparticles or bare nanocarriers of HNH and GNH using MTT assay. The result demonstrated that nanoparticles at different N/P ratio did not have any significant effect on cell viability. In fact, almost 90% of cells remained viable in presence of nanoparticles with N/P ratio of 1 to 128 within 48 h ([Fig. 1c](#f1){ref-type="fig"}). Another word, the both nanocarriers didn't show any significant difference in terms of cytotoxicity at examined concentrations ([Fig. 1d](#f1){ref-type="fig"}). Therefore, it was confirmed that both carriers were safe to be considered for further examination and analysis.

Luciferase expression assay
---------------------------

We examined the endosomal release activity of H5WYG and Gp41 peptides using the designed HNH and GNH carriers. Therefore, pGL3 plasmid was transfected with these carriers at N/P ratios of 4 to 16. The result shows that both nanocarriers facilitated the delivery of pGL3 to HEK293T cell nucleus, which led to luciferase gene expression ([Fig. 2a](#f2){ref-type="fig"}). In addition, both nanoparticles demonstrated a significant increase of transfection rate from N/P ratio of 4 to 12 (P ≤ 0.05). However, the transfection rate of nanoparticles suddenly dropped at N/P ratio of 16. Surprisingly, the HNH exhibited a higher transfection efficiency than GNH nanocarriers at examined N/P ratios. For instance, at N/P ratio of 8, the luciferase activity was 2 fold higher for HNH carrier compare to GNH carrier at the same N/P ratio. Nevertheless, additional studies were needed to further confirm these observations and to evaluate the other possible factors involved in the superior activity of H5WYG flanked carrier.

DNA binding ability of nanocarriers
-----------------------------------

The plasmid DNA molecule is strongly repulsed by cell membrane due to its polyanionic nature; therefore, charge neutralization step is necessary for an efficient intracellular gene delivery. Based on theoretical calculation, at N/P ratio of 1 the nanoparticles are formed with the minimum amount of nanocarriers, sufficient to neutralize the plasmids. As shown in [Fig. 2b](#f2){ref-type="fig"}, both HNH and GNH efficiently bound to plasmids and retard their electrophoretic movements. Indeed, the presence of illuminating plasmid in each well is an indicator of gel retardation and neutralization of plasmid charges Both carriers began to neutralize the negative charges of plasmids at N/P ratio of 0.5 and it became completely neutralized when carrier concentration was increased to N/P ratio of 1. At higher N/P ratios, nanoparticles completely remained in the wells, so that SDS treatment of these nanoparticles led to release of their plasmid contents ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}). It is noteworthy to mention that the intensity of retarded plasmid was weak at N/P ratio of 16, presumably through less ethidium bromide accessibility. The gel retardation analysis showed that, both nanocarriers similarly neutralized the negative charges of plasmid and binding force between carrier and plasmid would not act as a differential factor in gene delivery rate of these carriers.

Serum Stability
---------------

DNA protection from serum nucleases is an essential requirement for an efficient gene delivery system. The stability of nanoparticles and their nuclease protection capability were visually examined by gel mobility assay at N/P ratio of 8. The result demonstrated that these nanoparticles remained stable in the presence of serum and were not dissociated into their components. While both HNH and GNH carriers efficiently covered and protected plasmids from serum nuclease break down, the naked plasmids on the other hand, were degraded in presence of serum ([Fig. 3a](#f3){ref-type="fig"}). The higher molecular weight of plasmid upon treatment with serum is probably come from macromolecular assembly of serum proteins and digested plasmid DNA, which bring about with lower gel migration in Agarose electrophoresis[@b43]. The SDS treatment of our complex showed that the released plasmids had remained intact and their integrity was preserved in the complex consists of these carriers. This result suggested that both nanoparticles are capable of protecting the DNA content from cytoplasmic nucleases and most likely are stable under *in vivo* conditions[@b44].

Nanoparticle's charge and size analysis
---------------------------------------

The physicochemical properties of nanoparticles can affect the uptake rate, intracellular fate and cell entry mechanism[@b45]. Therefore, the size and the surface charges of HNH and GNH nanoparticles were characterized at different N/P ratios The DLS analysis showed that both nanocarriers condensed plasmids into positively charged particles with less than 180 nm in size. These results point out that histone H1 as a condensing motif worked appropriately in both nanocarriers. As shown in [Fig. 3b](#f3){ref-type="fig"}, a statistically significant compactness and an increase in surface charges of nanoparticles were occurred with increasing N/P ratios for both NHN and GNH nanocarriers. The nanoparticles with N/P ratios between 8--20, which showed a size range between 60--125 nm and a zeta potential between 4--10 mV, were suitable to interact with cell membrane and initiate cellular uptake via the endocytosis pathway[@b46] ([Fig. 3c](#f3){ref-type="fig"}). However, the HNH and GNH nanoparticles did not show a statistically significant difference in terms of size and zeta potential (p \> 0.05).

The particle size and morphology of HNH and GNH nanoparticles at N/P ratio of 10 were also characterized via transmission electron microscopy. TEM indicates that both HNH and GNH in complex with plasmid can form condensed semi-spherical particles with a size around 100 nm for both, which is in concurrence with DLS results ([Supplementary Figure S3a](#S1){ref-type="supplementary-material"}). Atomic Force Microscopy also revealed surface topology of bare HNH and GNH nanocarriers ([Supplementary Figure S3b](#S1){ref-type="supplementary-material"}).

Cell entry rate
---------------

To understand the mechanism behind the observed differences between HNH and GNH transfection efficacy, we analyzed the cellular uptake of the FITC labeled nanocarriers. As shown in [Fig. 4a](#f4){ref-type="fig"}, the uptake rate of nanocarriers was increased as a function of their concentration. The main fluorescence intensity index demonstrated a superior uptake per cell for HNH nanocarrier. However, at higher concentration, both nanocarriers showed a similar uptake rate and entered into more than 70% of the cells. The fluorescence microscopy also confirmed the intracellular localization of FITC-labeled nanocarriers ([Fig. 4b](#f4){ref-type="fig"}).

Hemolysis assay
---------------

The Endosomal release capability of nanoparticle usually affects the efficacy of gene delivery. Red blood cells were used as *ex-vivo* model for endosome. A hemolysis assay was carried out to investigate and compare the membrane release activity of HNH and GNH nanoparticles at physiological pH (7.4) and endosomal pH (5.4). As shown in [Fig. 5a](#f5){ref-type="fig"}, both of nanoparticles were able to lyse red blood cells at pH 5.4 at different concentrations. However, the HNH showed a statistically significant higher activity than GNH at this pH (P ≤ 0.01). GNH nanoparticles, on the other hand, demonstrated the hemolytic activity between 6 to 30% as a function of nanoparticles concentration at pH 7.4, while the HNH nanoparticles lost their activities at this pH. The pH--sensitive characteristic of HNH carrier provides a hemo-compatible property for future *in vivo* application. These findings alongside with cell entry rate results, suggest that efficacy of carriers can be controlled by their endosomal release motifs.

Cellular uptake mechanism and intracellular fate of nanoparticles
-----------------------------------------------------------------

The mode of cell entry usually affects the intracellular fate and overall delivery rate of nanoparticles. In this study; the cell entry mechanism of GNH and HNH nanoparticles were investigated by transfection of luciferase gene at 4 °C for 4 h followed by incubation at 37 °C for 44 h[@b47]. Low temperature (4 °C) diminished the transfection rate of both nanoparticles. As shown in [Fig. 5b](#f5){ref-type="fig"}, the transfection efficacy of both HNH and GNH was reduced significantly at low temperature. Endocytosis was indeed the main uptake pathway for both nanoparticles since it was significantly inactivated at low temperature[@b45][@b48]. In another attempt, we examined endosomal escape potency of internalized nanoparticles using chloroquine, which disrupts endosome via an osmotic effect[@b49]. Therefore, transfection was performed in the presence of chloroquine to determine the content of entrapped nanoparticles inside the endosome. The transfection rate of GNH nanoparticle was increased two-fold in the presence of chloroquine. The transfection rate of HNH nanoparticle, however, showed a slightly increase under the same condition. Overall, the results of this study, indicated that both of nanoparticles were entered into the cell by an energy-dependent mechanism like endocytosis and escaped from endosome with different efficiency ([Fig. 5c](#f5){ref-type="fig"}). Based above-mentioned documents, the luciferase activity could mirror the superior endosome release activity of HNH, which is equipped with H5WYG motif, compared to GNH, which is equipped with Gp41motif.

Structure analysis
==================

Modelling 3D structure of carriers
----------------------------------

I-TASSER server was used to model the secondary and tertiary structure of carriers. As shown in [Fig. 6a](#f6){ref-type="fig"}, the H5WYG motif, demonstrated a random coiled structure that was consistent with its ancestor motif at physiological conditions[@b29]. The Gp41 motif showed a helix structure ([Fig. 6b](#f6){ref-type="fig"}). To confirm these findings, we further analyzed the structure of nanocarriers with fluorescence spectroscopy and circular dichroism spectropolarimetry. The lack of secondary structure of SV40 NLS motif, provides a suitable condition for importin machinery to recognize its binding site on the nanocarriers[@b50].

The intrinsic and extrinsic fluorescence of nanocarriers
--------------------------------------------------------

The pH dependency of nanocarriers structures were investigated by measuring the intrinsic fluorescence. Peptide with endosomal escape property must remain active or configured at suitable form at low pH. The spacer motif of the carrier has a Trp residue that acts as an intrinsic fluorescence probe. The fluorescence analysis indicated that the pH reduction did not considerably affect the structure and the polarity of environment surrounded the Trp residue of GNH nanocarriers. In contrast, the HNH nanocarrier showed a drastic fluorescence enhancement at low pH, reflecting a significant change of the Trp surrounding environment ([Fig. 6c](#f6){ref-type="fig"}). This result suggested a conformational change in the nanocarrier at acidic pH of endosome.

Hydrophobic interactions have shown an important role for peptide membrane interaction[@b51][@b52]. Therefore, we investigated the hydrophobic patch of carriers with ANS as a sensitive probe. As it is shown, both carriers increased the fluorescence intensity of the ANS probe ([Fig. 6d](#f6){ref-type="fig"}). Furthermore, GNH showed a higher fluorescence intensity compared to HNH, which indicate that the GNH has more hydrophobic pockets for ANS binding.

Secondary structure of nanocarriers
-----------------------------------

The Far-UV circular dichroism analysis were performed to evaluate the influence of pH on the secondary structure of carriers. The GNH demonstrated a CD spectrum with a single minimum at 198 nm, which indicate a random coiled conformation. Further, this carrier revealed two typical maximums at 200 nm and 190 nm as well as a minimum at 207 nm at 5.4 pH, suggesting a decrease of non-ordered structure. However, at low pH the CD spectrum in the deterministic region (205--230 nm) showed a similar manner to neutral pH. The CD spectrum of HNH peptide at neutral pH showed a single minimum at 195 nm, which is an indicative of non-structured conformation. Surprisingly, this nanocarrier at low pH showed a CD spectrum with a maximum at 200 nm associated with a minimum at 207 nm, the signature of helical conformation ([Fig. 6e](#f6){ref-type="fig"}) indicated that secondary structure of HNH carrier drastically changes at low pH compared to GNH carrier.

Discussion
==========

Endosome is the main bottleneck in intracellular gene delivery path. During the last few decades, several de novo designed or biologically derived endosomal release peptides have been reported[@b30][@b37][@b53][@b54]. However, the complicated mechanisms underlying endosome release and the inability of these peptides to show their actual activities, makes it more difficult to have a preference for selecting the most efficient and the most effective ones. Most recently, several groups have used genetic engineering approach to develop a single-chain peptide based carrier, which is able to overcome all intracellular barriers solely. Fusogenic peptides of HIV GP41 and influenza--derived H5WYG are two peptides with endosome release ability, which have been used to enhance the efficacy of these carriers in gene delivery.

In this study, we designed two peptide based nanocarriers with four essential motifs assembled in a single chain of peptide to check the efficacy of these motifs for gene delivery and to investigate their mechanism of actions ([Fig. 1a](#f1){ref-type="fig"}). The first embedded motif was comprised of two repeats of 16 mer Histone H1 (ATPKKSTKKTPKKAKK), which packs DNA in a particle with electrostatic binding forces[@b28]. The second functional motif was the NLS of simian virus 40 (SV40) large T antigen required for nuclear localization[@b55][@b56]. The third was an UV-active spacer motif contained a Tryptophan residue, which acts as a sensitive probe for spectroscopy analysis. The fourth functional motif was either HIV GP41 or H5WYG fusogenic peptides that are individually flanked at N-terminal position of the spacer motif in GNH and HNH carriers, respectively. The quantity (8 mg/L of culture) of our purified carriers confirmed the ability of *E. coli* bacteria in biosynthesis of the long poly-cationic sequences ([Fig. 1b](#f1){ref-type="fig"}). Electrostatic interactions between plasmid and carriers allowed us to prepare the identical nanoparticles in terms of their component's stoichiometry. As shown in [Fig. 1c](#f1){ref-type="fig"} the MTT assay confirmed the safety of both carriers, which is a distinct advantage in using biomimetic carriers. Transfection of nanoparticles containing the luciferase gene provides a simple, robust and fast technique to detect the rate of intracellular plasmid delivery and gene expression. The transfection results clearly indicate a N/P ratio-dependent delivery rate for both HNH and GNH ([Fig. 2a](#f2){ref-type="fig"}). The superior transfection efficiency of HNH carrier suggests, higher endosomal release capacity for H5WYG motif.

To exclude the possibility of other nanoparticles properties that might affect the transfection rate, a series of *in vitro* analysis were carried out to investigate different aspects of their behaviors. The gel retardation analysis showed that, both nanocarriers neutralize the negative charges of plasmid at N/P ratio of 1, being consistent with the theoretical N/P ratio ([Fig. 2b](#f2){ref-type="fig"}). The result also confirmed that the electrostatic interactions are the main particle stabilizer forces, which remain stable under physiological conditions (150 mM NaCl and pH 7.4). Therefore, the binding force between carriers and plasmids could not be considered a differential factor in determining the gene delivery rate for these nanocarriers.

Degradation of DNA by nucleases present in serum, endosome and cytoplasm can effect and reduce the plasmid delivery rate[@b44]. The results of serum stability test indicated that both HNH and GNH carriers shielded the plasmids from serum nuclease activities thus prevented their degradation and clearance by serum components ([Fig. 3a](#f3){ref-type="fig"}). Thus, the presence of nucleases does not reduce the transfection rate of GNH nanoparticles.

The size of particle which in turn refers to the compactness of DNA/carrier complex, can affect the cell entry pathway and the rate of plasmid release from complex[@b17]. According to DLS results, both nanoparticles showed a size around 100 nm ([Fig. 3b](#f3){ref-type="fig"}), where usually nanoparticle uptake happens through a clathrin mediated pathway[@b45][@b57]. Furthermore, a similar condensation rate for both carriers was confirmed by particle size analysis. Due to inverse relationship between particle compactness and gene expression[@b17], the extreme compactness of nanoparticles at N/P ratio of 16 decreased the release rate of plasmid into the nucleus. However, the transfection rates of HNH and GNH were significantly different at N/P ratio of 16. Hence, these results reveal a similar plasmid release rate per particle for both carriers.

Particle surface charge usually affects the solubility, and the electrostatic interaction with cell membrane, which in turn initiates the endocytosis[@b58]. Zeta potential analysis showed that both nanoparticles had similar partial positive charges at transfected N/P ratios ([Fig. 3c](#f3){ref-type="fig"}). Therefore, it seems that the particle charge was not a determinant factor in transfection rate.

It is difficult to predict the uptake rate of carriers based on their primary structures. The FACS results confirmed that the FITC-labeled carriers, entered the cells with a first-order kinetic rate, without any statistically significant differences ([Fig. 4a](#f4){ref-type="fig"}). Thus far, the results of GNH and HNH *in vitro* analyses were consistent with our hypothesis. As expected, these particles showed a significant difference in terms of hemolytic ability ([Fig. 5a](#f5){ref-type="fig"}). Another word, the hemolysis assay confirmed the activation of membrane lytic ability of HNH nanoparticles at low pH, where the GNH showed an activity decrement. On the other hand, the transfection results confirmed that the endocytosis is the main cell entry pathway for both carriers.

Furthermore, the chloroquine treatment triggered the release of a large amount of endosome-entrapped GNH nanoparticles and increased the transfection rate for GNH carrier, while the transfection rate of HNH didn't show any significant increment under the same condition ([Fig. 5b,c](#f5){ref-type="fig"}). This finding confirmed a significantly higher endosome release activity for HNH carrier equipped with H5WYG compared to GNH carrier, which was consistent with hemolysis assay results[@b25].

Overall, carrier associated parameters including particles size and charge, DNA binding, nuclease protection and cell entry rate didn't play any role in the activities of GNH and HNH carriers. Meanwhile, the endosomal release capability, consistent with luciferase assay, completely controlled the efficacy of carriers. Consequently, these results shed light on the precise origin of superior transfection rate of HNH carrier and confirmed the ability of our designed all-in-one carriers to provide a similar condition for evaluating the endosomal release motif independent of other intra carrier interactions.

These surprising results reinvigorated us to elucidate the mechanism underlying the observed endosomal release activities. We evaluated the structure of HNH and GNH carriers with theoretical modeling and sensitive experimental analysis. The projected 3D model confirmed that the five histidine residues are spatially in close proximity of H5WYG endosome release motif ([Fig. 6b](#f6){ref-type="fig"}). The ionization state of these residues is changed during endosomal escape, which might lead to their pH dependent structure. GP41 on the other hand, showed an amphipathic helical structure ([Fig. 6a](#f6){ref-type="fig"}). Fluorescence analysis of Trp residues confirmed a pH dependent structural change in HNH carrier ([Fig. 6c](#f6){ref-type="fig"}). However, the results of extrinsic fluorescence analysis with ANS confirmed that GNH carrier has a higher content of hydrophobic patches compared to HNH carrier ([Fig. 6d](#f6){ref-type="fig"}). This result suggests that hydrophobicity may be the main reason for interaction of GNH with membrane. Therefore, the GP41 motif may work upon uptake of nanoparticle at natural pH. In contrast, circular dichroism analysis confirmed that the HNH carrier forms a helical structure at low pH ([Fig. 6e](#f6){ref-type="fig"}) that is suitable for the particle's fusion with endosomal membrane and its subsequent release in the cytoplasm. In conclusion, we have studied the ability of our designed peptide based carriers to evaluate and compare H5WYG and GP41 endosomal escaping motifs in cellular environment. The results obtained from this study suggest that, H5WYG provides a better tool to design an effective and efficient gene delivery system, compare to Gp41. Furthermore, we attempted to explain the differences we observed in endosomal release abilities of these motifs. This study suggested that, a shift in secondary structure of H5WYG at low pH resulted in its sharp release from endosome. Altogether, Nano-biomimetic carriers provide a suitable condition for mechanistic comparison of endosomal release motifs and can be used for screening different functional motifs to maximize the efficacy of gene delivery systems.

Materials and Methods
=====================

Plasmid construction and cloning of peptide based carriers
----------------------------------------------------------

The genes encoding HNH and GNH carriers were designed, expression optimized and synthesized by Eurofins MWG Operon (Ebersberg, *Germany*). The DNA sequences were double digested with *Nd*eI and *Xh*oI restriction enzymes and ligated in pET28a expression vector (Merck KGaA, Darmstadt, Germany), which provide hexahistidine-tag sequence at both N-terminal and C-terminal. To verify the fidelity of the designed sequences, the plasmid containing HNH and GNH were sequenced using an automatic sequencer (MWG) by T7 promoter universal primer.

Expression and purification
---------------------------

The expression vectors were transformed into *Escherichia coli* bl21 (DE3) pLysS (Novagen) and the E. coli was cultured in LB medium containing kanamycin (100 μg/ml) at 37 °C overnight. One ml of pre-cultured bacteria was used to inoculate 2-XY medium (250 ml) and incubated at 37 °C while shaking at 220 rpm. At optical density (OD~600~) of 1.5, peptide expression was induced by addition of IPTG to a final concentration of 0.4 mM at 37 °C for 4 h. The bacterial cells were harvested by centrifugation at 5000 RPM for 15 min.

The cell pellets were resuspended in lysis buffer \[20 mM Tris-HCl, 500 mM NaCl, 8 M urea and 5 mM imidazole; (pH 12)\] and sonicated at 20-s bursts for 10 times. The lysate was centrifuged at 13000 rpm for 30 min and the supernatant was loaded on a Ni-NTA column chromatography. The impurities were removed by 15 ml of wash buffer \[20 mM Tris-HCl, 1000 mM NaCl and 20 mM imidazole; (pH 8)\] and the peptide-based carriers were then eluted by cold elution buffer \[20 mM Tris-HCl, 150 mM NaCl and 250 mM imidazole; (pH 8)\]. The purity and relative concentration of the purified carriers were analyzed by 17.5% sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue staining. Physicochemical properties of these carriers were theoretically calculated by ExPASy's tools[@b59].

Preparation of nanoparticles
----------------------------

Nanoparticles were produced by complexation of nanocarriers and pGL3 plasmids at different N/P Ratio. The N/P ratio refers to the molar ratio of the amine groups of the carriers to the phosphate groups of Plasmid. Theoretical N/P ratios were calculated according to [equation (1)](#eq1){ref-type="disp-formula"}.

where the charges of Lys and Arg residues were considered +1, while His residue as zero. For instance, HNH and GNH nanoparticles at N/ratio of 1 were prepared by mixing 1 μg of pGL3 plasmid with 1.5 μg of HNH carrier and 1.4 μg of GNH carrier, respectively. After that, the complexes immediately were mixed and incubated at 25 °C for 45 min.

Cell viability assay
--------------------

The potential cytotoxicity of nanocarriers were evaluated with MTT assay (Sigma, USA). The Hek293T (7 × 10^3^) cells were seeded in 96 wells plate and incubated for 24 h at 37 °C in a humidified incubator with 5% CO~2~ atmosphere. The medium was replaced with the serum-free DMEM medium supplemented with either nanoparticles (containing 0.2 μg plasmid) at different N/P ratios or various concentrations of bare nanocarriers. After 4 h, FBS was added to the cells at a final concentration of 10% (v/v). To assay the cell viability, 10 μl of MTT reagent (5 mg/ml) was added to each well and allowed to react at 37 °C for 4 h. To dissolve the formazan crystals, 100 μl of DMSO was added into each well and the absorbance was measured using a micro plate reader (ELx800, Biotek, USA) at 570 nm. The absorbance of untreated cell was considered as 100% viable. The results are reported as mean± SD (n = 3).

Transfection and Luciferase assay
---------------------------------

The HEK 293 T cells were used as a model to evaluate the transfection efficiently of each nanocarrier. Briefly, 4 × 10^4^ cells were seeded in 24 well tissue culture plate in a humidified incubator at 37 °C under 5% CO~2~ atmosphere, two days before transfection. The nanoparticles (containing 1 μg PGL3 in complex with HNH and GNH nanocarriers) were prepared at different N/P ratios and adjusted to 100 μl with serum-free DMEM medium. At transfection time, the media was completely removed, and nanoparticles were added drop-wise to each well. The DMEM medium supplemented with 10% FBS and 1% (v/v) penicillin--streptomycin was added 4 h later. In this study, firefly luciferase gene expression encoded by PGL3 plasmid was measured according to previously reported procedure[@b60]. Briefly, 48 h post transfection, the cells were lysed by cell lysis buffer (Promega, USA). The luciferase activity was measured in the presence of firefly luciferase substrates \[2 mM Luciferin, 4 mM ATP and 100 mM MgSO~4~ 100 mM (pH 7.8)\] with a luminometer (Berthold detection systems, GmbH). The results were normalized with respect to their protein concentrations. The data are indicated as the relative light unit (RLU/sec)/mg of total proteins and presented as mean ± SD (n = 3).

Characterization of Nanoparticles
---------------------------------

### Gel retardation

The DNA binding abilities of HNH and GNH carriers were examined by Gel Retardation assay. Nanoparticles contained 0.3 μg plasmid at different N/P ratios were loaded on agarose gel (1%) and left to run at 80 V for 1 h. The mobility of plasmid was visualized by Ethidium bromide staining and UV illumination. GNH and HNH nanoparticle contained 0.3 μg pGL3 plasmid at N/P ratio of 4, 8 and 12 were prepared in two groups. The one of them was directly electrophoresed using agarose gel. Another group was incubated with SDS 10% and then was electrophoresed.

### Particle size and charge analysis

Size and zeta potential measurements of nanoparticles were performed using Dynamic Light Scattering (DLS) by a Malvern Nano ZS instrument and DTS software (Malvern Instruments, UK). Briefly, the complexes of plasmid and nanocarriers were prepared at different N/P ratios, as mentioned above. The volume of each sample was adjusted up to 1 ml by cold PBS. The results were analyzed by Zetasizer software (V6. 12) and presented as a mean of three independent batches for each N/P ratio.

### Hemolysis assay

The protocol used in this study conformed to the standards set by the Declaration of Helsinki which is approved by ethic committee of Tarbiat Modares University. Human blood was collected from healthy volunteers with providing of written consent, into heparinized vacutainers under aseptic conditions. The human whole blood cells were centrifuged at 5000 rpm for 5 min. The supernatants were discarded, and the Red blood cells (RBC) were washed three times with PBS. The 108 RBCs were resuspended in 1 ml of PBS buffer pH7.4 or acetate buffer pH 5.4 supplemented with 0.9% NaCl. Nanoparticles at N/P ratio of 8 with final concentration between 5 to 150 μg/ml were added to the cell suspensions and incubated at 37 °C with mild shaking for 1 h. The tubes were centrifuged for 5 min at 5000 rpm, and the absorbance of the supernatant was measured at 541 nm. Untreated RBCs (pH 7.4 and 5.4) were used as negative controls, while triton X-100 (1%) was used a positive control. The percentage of hemolysis was calculated according to [equation (2)](#eq2){ref-type="disp-formula"}. Each treatment was repeated three times and the t-tests (P \< 0.05) was used to evaluate the statistical significance. The results are reported as mean± SD.

Cellular Uptake and intracellular analysis
------------------------------------------

### Cellular uptake of nanocarriers

HEK293T cells (4 × 10^5^) were seeded in a 6 well plate in DMEM medium supplemented with 10% (v/v) FBS and 1% (v/v) penicillin--streptomycin prior to the experiments for 24 h. The FITC-labeled nanocarriers were added at different concentrations to the cells in presence of complete DMEM medium. After 3 h incubation at 37 °C, the cells were washed twice with PBS. To determine the cellular localization of these carriers, the cells were visualized using a Nikon Eclipse TE2000-S fluorescence microscope (Nikon Instruments, Japan), prior to flow cytometry analysis. The flow cytometry were performed to assess the cellular uptake of each carrier. Briefly, the cells were detached using 0.025% trypsin, and centrifuged at 1200 RPM for 5 min. The pellets were suspended in 0.5 mL PBS, kept in ice and analyzed using a FACS Calibur flow cytometer (FACS, Becton-Dickinson, USA). The result was analyzed by flowing software (Turku University, Finland).

### Uptake pathway and endosome release analysis

Transfection was carried out at a low temperature to examine the endocytosis dependency of HNH and GNH nanoparticles uptake pathways. The HEK 293 T cells were seeded at density of 4 × 10^4^ cells per well for two days. When the cells became 70% confluent, the first group were incubated at 4 °C for 1 h prior to transfection. They were then incubated at 4 °C with nanoparticles at N/P ratio of 8 (according to transfection result) for another 4 h. In order to eliminate free nanoparticles, cells were rinsed with PBS before adding fresh complete DMEM medium to each well. The cells were incubated at 37 °C for additional 44 h. To examine the endosome releasing activity of each nanocarrier in a real environment, the second group of cells were transfected in presence of chloroquine (CQ) (Sigma-Aldrich, USA) at a final concentration of 0.1 mM at 37 °C. The luciferase assay was performed as mentioned above 48 h later. The relative light units/Sec (RLU/Sec) was normalized for each sample with respect to their protein concentrations. The experiment was performed in triplicate, and the result was analyzed using student's test analysis.
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![Design, production and cytotoxicity profile of HNH and GNH.\
(**a**) Schematic presentation of HNH and GNH peptides that are composed of multiple motif. (**b**) GNH and HNH peptides were expressed in *E. coli* BL21 (DE3) and purified using the Ni-NTA Sepharose column chromatography. The bands were visualized using CBB staining. The molecular weights of GNH and HNH are 10.1 and 10.8 kDa, respectively. Cellular viability in presence of nanoparticles and their bar nanocarrier**s**. (**c**) The HEK293T cells were incubated with HNH and GNH nanoparticles at various N/P ratios for 48 h. (**d**) The HEK293T cells were incubated with HNH and GNH nanocarriers at various concentrations for 48 h. The data were normalized to viability of untreated cell considered as 100% viable. Data are mean ± standard deviation (n = 3).](srep41507-f1){#f1}

![Transfection efficiency and gel retardation assay of HNH and GNH nanoparticles at various N/P ratios.\
(**a**) Transfection rates of the both GNH and HNH nanoparticles (Contained 1 μg pGL3 plasmid) were measured using luciferase assay in HEK293T cell's 48 h post transfection. Total proteins (mg) were used for normalization of Relative Light Unit/Sec (RLU/Sec) values from luciferase assay. Data are mean ± standard deviation (n = 3). \*p \< 0.05. **(b**) Agarose gel retardation assay of GNH and HNH in function of N/P ratio of nanocarrier/pDNA complex. The nanoparticles contained 300 ng pGL3 plasmid and similar amount of this plasmid was used as control pDNA. Ladder: 1 kb DNA ladder.](srep41507-f2){#f2}

![Serum stability and DLS analysis of GNH and HNH nanoparticles.\
(**a**) Serum stability of peptide based nanoparticles. The GNH and HNH nanoparticles at N/P ratio of 8 were incubated with serum at a final concentration of 10% for 30 min. serum nuclease activity was stop by treatment of nanoparticle at 65 °C for 20 min and then 2 mM SDS treatment released pDNA from nanoparticles. Untreated Nanoparticle, Naked DNA and serum treated DNA were used as control. DLS analysis of charge and size of nanoparticles. (**b**) GNH and HNH nanoparticles size analysis, (**c**) GNH and HNH nanoparticles surface charge analysis. GNH and HNH carriers were complexed with pgl3 plasmid at different N/P ratio. The results are reported as ± standard deviation (n = 3).](srep41507-f3){#f3}

![Cellular uptake of FITC-labeled HNH and GNH nanocarriers.\
(**a**) The percentage of FITC positive cells (bar) and the mean fluorescence intensity (line) were investigated 8 h after of incubation of HEK293T cells with these carriers at different concentrations. (**b**) Uptake of these carriers in live cells were studied using Fluorescence microscopy. Cells were visualized at 40X, and 4X magnifications. Scale bar: 20 μm.](srep41507-f4){#f4}

![Hemolysis assay, cell entry mechanism and intracellular fate of GNH and HNH Nanoparticles.\
(**a**) Nanoparticles (Contained 0.5--15 μg pGL3 plasmid) at N/P ratio of 8, in the acetate buffer (pH 5.4) and phosphate saline buffer, PBS (pH 7.4). Triton-x100 and buffers were used as positive and negative control, respectively. (**b**) The Nanoparticles (Contained 1 μg pGL3 plasmid) at NP ratio 8 were transfected in HEK293T at different temperature (4 °C and 37 °C) and in the presence of chloroquine (100 μM) at 37 °C. Luciferase activity was monitored 48 h later and reported as a function of total protein. The date was reported as mean ± SD. (n = 3). \*p \< 0.05,\*\*p \< 0.001. (**c**) Schematic diagram of intracellular trafficking of GNH and HNH Nanoparticles.](srep41507-f5){#f5}

![Structural analysis of nanocarriers.\
The three-dimensional structure of nanocarriers were predicted by I-TASSER server. Different motif of nanocarriers were depicted with multiple colors by PYMOL software. Red color: endosome releasing motif, Green: DNA condensing motif, Yellow: nuclear localization signal and blue color: Ni --NTA binding domain. (**a**) Presentation of HNH nanocarrier, the position of five histidine residues have been shown on H5WYG motif of HNH nanocarrier. (**b**) Presentation of GNH nanocarrier, in which the sequence of GP41 motif has been shown on its structure. Intrinsic and extrinsic fluorescence emission of GNH and HNH carrier. **(c)** Fluorescence spectra of GNH and HNH in the acetate buffer (pH 5.4) and phosphate buffers saline (pH 7.4) were recorded under 295 nm excitation wavelength. (**d)** Extrinsic fluorescence of these nano carriers in mixture with ANS (1:30 ratio) were recorded under 450 nm excitation. (**e**) Influence of the pH shift on the far UV CD spectrum of nanocarriers. The CD spectra GNH and HNH nanocarriers at concentrations of 0.2 mg/ml in acetate buffer pH 5.4 and PBS pH 7.4.](srep41507-f6){#f6}

###### Physicochemical properties of peptides that calculated theoretically by EXPASSY server.

  Name    MW (Da)   PI\*    Hydrophobicity   Charge
  ------ --------- ------- ---------------- --------
  HNH     10995.7   11.19       29.17%        +23
  GNH     10083.8   11.56       30.43%        +23

\*Isoelectric point.
